G lutamate is the primary excitatory neurotransmitter in the CNS. After its release from presynaptic terminals, glutamate diffuses rapidly across the synaptic cleft and activates postsynaptic receptors. The concentration and lifetime of glutamate in the synaptic cleft are predominantly determined by the amount of glutamate released, the geometry of the synaptic cleft, and the number and localization of glutamate transporters with respect to glutamate release sites (1, 2) . The activity of glutamate transporters also determines synapse independence and regulates the amount of glutamate reaching extrasynaptic receptors, i.e., glutamate spillover (2) . In addition, glutamate transporters have been found to control ambient glutamate levels, thus setting the lower limit of glutamate in the brain (3, 4) and preventing glutamate from reaching neuro-toxic levels (1) . Glutamate transporters possibly play a role in the progression and development of certain neurological disorders, such as amyotrophic lateral sclerosis (ALS) and epilepsy (1) . Glutamate transporters have also been hypothesized to play an important role in neuronal survival during ischemia (1) .
The removal of glutamate from the extracellular milieu is achieved by a family of excitatory amino acid transporters 1 to 5 (EAAT1 to -5) that are localized in glial cells and neurons (5, 6) . The uptake of one glutamate molecule is coupled to the uptake of three Na ϩ ions and one proton, and the extrusion of one K ϩ ion (3, 7) . The large electrochemical gradients for Na ϩ and K ϩ provide the driving force for glutamate uptake against its gradient (3) . The proton has been hypothesized to play a neuro-protective role during ischemia by shutting down reverse uptake of glutamate (8) , but the exact mechanism by which the proton reduces reverse transport is unclear. Although the im-portance of glutamate transporters in synaptic transmission and pathophysiology (e.g., ischemia) is well established, little is known about the molecular structure of glutamate transporters and the conformational changes that occur when glutamate is removed from the extracellular space. In addition, it is controversial as to how the different cosubstrates are coupled to the transport of glutamate (3, 9) .
Several approaches have been used to probe conformational changes associated with glutamate transport. For example, Grunewald and Kanner (10) compared how trypsin cleaves the glial transporter GLT-1͞EAAT2 in the presence and absence of substrates. By using antibodies raised against different parts of the transporter, they showed that trypsin cleaves the transporter into different sets of fragments when the transporter is incubated in transportable substrates (Na ϩ , K ϩ , glutamate) compared with when it is incubated in nontransportable substrates (Li ϩ , dihydrokinate), suggesting that the transported substrates induce conformational changes that expose additional trypsin sites. More recently, several groups have measured the accessibility of cysteine-specific reagents to cysteines introduced at different sites in glutamate transporters (11) (12) (13) (14) . By using this approach, these groups have mapped the topology of the transporters and also reported the accessibility of the studied cysteines in the absence and presence of substrates (11) (12) (13) (14) (15) . They showed that a number of residues display substrate-dependent accessibility. However, it is unknown whether the accessibility changed as a result of a substrate-induced conformational change or whether the substrate directly protected the cysteine from the cysteinespecific reagent.
In the present work, we used voltage clamp fluorometry (VCF) to directly monitor the conformational rearrangements associated with glutamate transporters in real time (for review, see ref. 16 ). This technique was originally used to study conformational changes in potassium channels during the gating process (17, 18) . More recently, VCF was also used in the study of glucose transporters (19, 20) , ␥-aminobutyric acid (GABA) transporters (21) , serotonin transporters (22) , and Na ϩ -K ϩ pumps (23) . VCF was developed on the finding that a fluorophore is sensitive to its local environment. Therefore, when a conformational change occurs in response to a stimulus (e.g., a change in membrane potential), the environment around the fluorophore may also change. Such an environmental change is reported as either an increase or decrease of the fluorescence signal (16) . The advantage of VCF over conventional electrophysiological recording techniques (24, 25) and biochemical assays (11) (12) (13) (14) is that VCF allows for the monitoring of real-time protein conformational changes, even if the conformational changes are electro-neutral.
In this study, we detected and measured glutamate transporter-specific conformational changes by introducing a cysteine at position A430 ( Fig. 1A ) in the EAAT3 transporter (26) and subsequently labeling it with an environmentally sensitive fluorescent probe. We found that the substrates L-glutamate and D-aspartate are capable of inducing conformational changes in EAAT3. In addition, we show that there are conformational changes associated with Na ϩ binding. Finally, we provide direct evidence that protons are cotransported with Na ϩ through the Na ϩ -hemicycle and not, as was recently proposed, through the K ϩ -hemicycle (9) .
Methods
Expression of cRNA in Xenopus laevis Oocytes. Cysteine mutagenesis and mRNA synthesis were performed as described. Collagenasetreated, defolliculated stage IV-V oocytes were injected with 50 ng of RNA and were incubated at 8°C in ND96 (5 mM Na͞Hepes, pH 7.5͞96 mM NaCl͞2 mM KCl͞1.8 mM CaCl 2 ͞1 mM MgCl 2 ). Oocytes were incubated at 18°C for 12-15 h before experiments. Experiments were performed 3-7 days after injection.
Electrophysiology. Currents were measured at 22-25°C by twoelectrode voltage clamping using a Geneclamp 500 amplifier (Axon Instruments, Foster City, CA). Data acquisition was performed with an Apple G4 computer by using a Digidata acquisition board 1322A controlled with AXOGRAPH 4.1 (Axon Instruments, Foster City, CA). Current and voltage traces were monitored with the MACLAB 2E A͞D software (A. D. Instruments, Milford, MA). The currents were low-pass filtered at 1 kHz and digitized at 5 kHz. Microelectrodes were filled with 3 mM KCl (resistances of Ͻ2 M⍀), and recordings from voltage-clamped oocytes were performed with constant perfusion of Ringer's solution with various concentrations of substrates. The Ringer's solution contained 5 mM Na͞Hepes, 98.5 mM NaCl, 1.8 mM CaCl 2 , and 1 mM MgCl 2 (pH 7.5). The data are reported as mean Ϯ SE.
Labeling of Oocytes and Fluorescence Measurements.
Oocytes were labeled for 60 min with 10 M of the fluorescent maleimide probe, Alexa 546 (Molecular Probes), in Ringer's solution. Fluorescence changes were recorded under voltage clamp conditions, by using an inverted fluorescence microscope (Nikon Diaphot) with a ϫ20 quartz objective and a P100S photomultiplier. The objective was focused on the animal pole, and fluorescence was monitored through a rhodamine filter cube: exciter, HQ545͞ϫ30; dichroic, Q570LP; and emitter, HQ620͞ 60m. Fluorescence signals were low-pass filtered at 200-500 Hz and digitized at 1 kHz. Fluorescence traces were monitored with the MACLAB 2E A͞D software (A. D. Instruments). To control for direct effects of the different substrates on the fluorescent probe, Alexa 546-succinimyl-ester fluorophores were attached to glass coverslips coated with polylysine. The emissions from these fluorophores were measured in the same solutions that were used to study the fluorescent-labeled transporters. The change in fluorescence was very small in response to application of the different solutions. The largest change was seen when switching from a Na ϩ -containing to a choline-containing solution (Ͻ0.5%), indicating very small direct effects of the solutions on the fluorescent probes.
Modeling. Computer simulations were made with BERKELEY MADONNA (www.berkeleymadonna.com) by using a previously developed 15-state model for EAAT transporters (16, 27, 28) . Fluorescence intensities were assigned to the 15 different states and fit to the steady-state fluorescence data. Several rates in an earlier model were altered to better fit the fluorescence data. The rates and the voltage dependence of the rates in the model (see Fig. 4A ) were chosen so that two elementary charges are moved during one uptake cycle (3) and so that detail balance is maintained (29) , as in the following equation:
where f i and b i are the forward and backward rates for the ith transition in the cycle, and ⌬G is the total free-energy change during one cycle.
Results

EAAT3 Labeling and Fluorescence Measurements.
We used sitedirected mutagenesis to introduce a cysteine at position A430 in the neuronal glutamate transporter subtype EAAT3 ( Fig. 1 A) . A430 is located in the extracellular loop between transmembrane domains VII and VIII. This region is believed to be important for glutamate binding and transport (for review, see ref. 30 ). After labeling with the fluorescent probe Alexa-546-maleimide, oocytes expressing A430C transporters exhibited a much higher level of fluorescence than did oocytes expressing WT EAAT3 transporters ( Fig. 1 B and C) . This finding demonstrates that the labeling of endogenous membrane proteins, as well as native EAAT3 cysteines, does not contribute significantly to the observed fluorescent signals. As a result, it was not necessary to use a cysteine-less EAAT3.
We established the functionality of the labeled transporter by measuring glutamate-evoked currents ( Fig. 1D ) as well as uptake of radioactively labeled glutamate (data not shown). Fig. 1D shows a simultaneous recording of currents and the fluorescence emission of Alexa-546-labeled A430C. The addition of 1 mM glutamate induced a current that was accompanied by a fluorescence decrease (Fig. 1D ). The competitive transporterblocker DL-threo-␤-benzyloxyaspartate (TBOA) (31, 32) inhibited both the glutamate-activated current and the fluorescence change, suggesting that the fluorescence change was due to conformational rearrangements in the glutamate transporter ( Fig. 1D ). Fluorescence changes with the opposite polarity were seen when extracellular Na ϩ was replaced with choline ( Fig. 1D ). In addition, the glutamate-induced fluorescence changes were abolished when extracellular Na ϩ was replaced with choline ( Fig.  1E ), suggesting that at least one Na ϩ binds before glutamate. The Na ϩ dependence and the inhibition by TBOA of the fluorescence changes indicate that the changes in the fluorescence signals are directly related to the glutamate transporter and not to other proteins endogenous to the oocytes.
Voltage Dependence of the Fluorescence Signal. To better understand the molecular mechanisms responsible for the changes in the fluorescence signals, we studied the effects of changing the membrane voltage under different ionic and substrate conditions. Previously, glutamate transporters were found to generate Na ϩ -dependent transient currents in response to changes in the membrane voltage (25, 33) . These transient currents were interpreted as being due to Na ϩ binding to sites located within the electric field where changes in membrane potential shift the distribution of transporters between the Na ϩ -unbound and Na ϩ -bound states (25, 33) .
In 100 mM NaCl, the fluorescence emissions from labeled A430C increased during steps to positive voltages but decreased during steps to negative potentials ( Fig. 2A) . The steady-state fluorescence vs. voltage data were well fitted by a single Boltzmann curve with zd ϭ 0.41 Ϯ .0085 (n ϭ 22) and V 05 ϭ Ϫ5.6 Ϯ 2.5 mV (n ϭ 22) ( Fig. 2B) . These values are similar to those for EAAT2, zd ϭ 0.41 Ϯ .07 and V 05 ϭ 3.2 Ϯ 0.2 mV (n ϭ 19), (25) and EAAT3 transient currents, zd ϭ 0.35 Ϯ .02 and V 05 ϭ Ϫ26.7 Ϯ 0.4 mV (n ϭ 4), suggesting that the transient currents and the fluorescence changes are due to the same process. Our data suggest that the highest fluorescence state occurs when the transporter is Na ϩ -unbound whereas the fluorescence decreases when Na ϩ binds to the transporter. Choline cannot replace Na ϩ as a cosubstrate for glutamate uptake (25) , and, as a result, the transporter should always be in a Na ϩ -unbound state in a choline solution, regardless of the membrane potential. Consistent with this hypothesis, we found that the fluorescence in the presence of choline increased to the same level as in Na ϩ at ϩ200 mV where the Boltzmann function predicts 97% of transporters to be in the Na ϩ -unbound state ( Fig. 2 A and B) . Furthermore, we found the fluorescence in choline to be voltage-independent. In the presence of high-external K ϩ , which induces reverse transport of endogenous glutamate in the oocyte (3), we found the steady-state fluorescence vs. the voltage data to have the opposite voltage dependence from the voltage dependence in Na ϩ (Fig. 2C) .
The application of glutamate or aspartate decreased the fluorescence at all voltages tested, suggesting that, during trans-port, the steady-state distribution of conformational states is shifted compared with that in Na ϩ , such that higher fluorescence states are less populated (Fig. 2C ). In addition, the fluorescence is decreased below the fluorescence level reported in high Na ϩ concentrations at very negative voltages, suggesting that the transportable amino acids induce a conformational change that further decreases the fluorescence (Fig. 2C ). In the continuous presence of glutamate, the transporters will spend a large proportion of time in the state preceding the rate-limiting step in the cycle, which is believed to be the K ϩ -extrusion step (27, 28) . Therefore, in the presence of glutamate, we hypothesize that the transporter will spend most of the time with its binding sites exposed to the cytosolic solution. Our results suggest that this state(s) represents a molecular conformation that is different from those with binding sites exposed to the extracellular solution and that this molecular conformation has the lowest fluorescence level. Na ؉ and Li ؉ Dependence of the Fluorescence Signals. We next characterized in detail the steps preceding the binding of glutamate. Our fluorescence data are in agreement with previous work suggesting that at least one Na ϩ binds before glutamate (25, 34) . The data presented in the previous section suggest that, in the absence of glutamate, the fluorescence emission changes in parallel to the Na ϩ occupancy of the transporter. Therefore, we measured the cation dependence of the fluorescence signal (Fig. 3A) . In Fig. 3B , the voltage dependence for a steady-state fluorescence signal (⌬F-V) at different Na ϩ concentrations is shown. Changes in the Na ϩ concentration did not affect the slope of the curves, but rather shifted the midpoint of the curves: at higher Na ϩ concentrations, the ⌬F-V curves were shifted to depolarized potentials, and, at lower Na ϩ concentrations, the ⌬F-V curves were shifted to hyperpolarized potentials (Fig. 3B) . These shifts of the ⌬F-V curve as a function of the Na ϩ concentration are consistent with the hypothesis that the fluorescence change monitors the Na ϩ occupancy of the transporter. For any specific voltage, at higher Na ϩ concentrations, more transporters will have bound Na ϩ , and, at lower Na ϩ concentrations, fewer transporters will have bound Na ϩ .
Until recently, it was believed that only extracellular Na ϩ ions could support amino acid transport through the EAATs, even though lithium was found to replace at least one Na ϩ in GLT-1 (10) . Borre and Kanner (35) demonstrated that, in EAAC1 (the rabbit homologue of EAAT3), L-aspartate induces steady-state currents in the presence of Li ϩ , suggesting that Li ϩ replaces Na ϩ at all Na ϩ -binding sites in EAAT3. They showed that Li ϩ supports steady-state currents, although significantly smaller in magnitude than in Na ϩ . To test whether Li ϩ and Na ϩ bind with the same affinity to EAAT3, we compared the Na ϩ -induced fluorescence changes to those induced by Li ϩ . Fig. 3B shows that, in the presence of Li ϩ , the ⌬F-V curve shifts to the left without changing its slope. In particular, the ⌬F-V curve in 100 mM Li ϩ shifts to even more hyperpolarized voltages than the ⌬F-V curve in 25 mM Na ϩ . This finding suggests that Li ϩ binds to the same cation-binding sites and induces the same conformational changes as does Na ϩ , but with an Ϸ5-to 10-fold lower affinity.
Proton Dependence of the Fluorescence Signals. In addition to being coupled to the transmembrane movements of Na ϩ and K ϩ , glutamate transport in EAATs is also coupled to the transmembrane movement of protons. However, it has not been resolved whether protons are transported through the Na ϩ -hemicycle (3, 27, 28, 36) or through the K ϩ -hemicycle (9) . We addressed this issue by measuring the proton dependence of the fluorescence changes in the glutamate transporter. Recently, we developed a kinetic model for glutamate transporters (27, 28) and proposed that protons bind immediately before or after glutamate. In this model, or in a model where proton binding precedes glutamate binding, a change in the extracellular proton concentration should, by mass action, shift the ⌬F-V similarly to a change in the extracellular Na ϩ concentration. If, on the other hand, protons are either predominantly bound after glutamate (3) or in the K ϩ -hemicycle (9), we should observe no shift in the ⌬F-V curve in the absence of extracellular K ϩ and glutamate.
The steady-state fluorescence vs. voltage was measured in 100 mM NaCl at pH 6.5, 7.5, and 8.5. Changes in the concentration of pH shifted the ⌬F-V curves along the voltage axis. When the proton concentration was decreased to pH 8.5, the ⌬F-V curve shifted to the left. Conversely, the ⌬F-V shifted to the right when the pH was lowered to 6.5 (Fig. 3C) . The decrease or the increase in proton concentration shifted the ⌬F-V curve in the same direction as did the similar changes in the Na ϩ concentration, indicating that protons and Na ϩ bind in the same part of the transport cycle (3, 27, 28, 36) .
Discussion
In this study, we have used VCF to study conformational changes in the neuronal glutamate transporter EAAT3. The fluorescentlabeled A430C transporter displayed a decrease in fluorescence in response to the application of external glutamate. The fluo-rescence change was partly inhibited by the transporter-blocker TBOA. The substrate-induced fluorescence changes were voltage-and Na ϩ -dependent. In addition, in the absence of external amino acids, the fluorescence changed in response to changes in membrane voltage. These fluorescence changes were also Na ϩdependent. The fluorescent-labeled A430C transporter used in this study was fully functional.
The fluorescence changes in response to different substrates or voltage steps imply that the transporter undergoes conformational changes, resulting in a change in the environment that the fluorophore senses. Earlier models have assumed that there are two major conformational changes that occur during glutamate transport (37): a transition of the binding sites in the glutamate-bound transporters from outside to inside, and a transition of binding sites in the K ϩ -bound transporters from inside to outside. However, until now, very little direct evidence for such structural rearrangements has been reported. Our data show that there are conformational changes in response to glutamate binding. In addition, our data show that an additional conformational change occurs in response to Na ϩ binding because fluorescence changes are detected in response to voltage steps even in the absence of external glutamate and K ϩ .
To better understand the molecular mechanisms underlying these fluorescence changes, we modeled the fluorescence data by using a kinetic model (Fig. 4A ) that we have recently developed for EAAT3 (16, 27) and EAAT2 (28) , as well as for EAAT1 and EAAT4 (27) . To fit the fluorescence data, we made a few minor modifications to the earlier model, which had no effect on any of our previous conclusions (27, 28) . The charge valences for Na ϩ and proton binding were decreased (Fig. 4A) , and the extracellular Na ϩ affinity for the first two Na ϩ -binding sites was altered by a factor of 2.5. We simulated the steady-state fluorescence data ( Fig. 4 B-D) by assigning one of three fluorescence intensities to the different transporter states (where the fluorescence is given as the percentage of change from the fluorescence in our reference condition, which is defined as Ϫ30 mV in the presence of 100 mM NaCl in the absence of glutamate): T o and T o K each have a fluorescence value of 2.4 whereas the remaining extra-and intracellular states have values of Ϫ1.24 and Ϫ4, respectively. Three fluorescence intensity levels in a cyclic model indicated that at least three conformational changes occur during one transport cycle. The model qualitatively simulated the ⌬F-V in (i) Na ϩ , K ϩ , choline, and glutamate (Fig. 4B) , (ii) the Na ϩ dependence of the ⌬F-V (Fig. 4C) , and (iii) the , and 200 mM Na ϩ (V0.5 ϭ 46.9 Ϯ 6.97 mV, zd ϭ 0.376 Ϯ .011, n ϭ 4). To avoid any issues with osmolarity during measurements, the total cation concentration was set to a constant of 200 mM by the appropriate addition of choline. (C) ⌬F-V measured at external pH (pH o) 8.5, pHo 7.5, and pHo 6.5 in 100 mM Na ϩ . The data were normalized to the maximum response at each pH o. The data were fitted to a Boltzmann function with V0.5 ϭ Ϫ56.4 Ϯ 6 mV (n ϭ 11) and zd ϭ 0.42 Ϯ 0.03 (n ϭ 11) for pH o 8.5, V0.5 ϭ Ϫ12.1 Ϯ 3 mV (n ϭ 15) and zd ϭ 0.42 Ϯ 0.0009 (n ϭ 15) for pHo 7.5, and V0.5 ϭ 19.2 Ϯ 0.01 (n ϭ 10) and zd ϭ 0.42 Ϯ 0.01 (n ϭ 10) for pH o 6.5. ⌬F-V curves indicate that at Ϫ80 mV at pHo 7.5, 80% of the transporters were Na ϩ -and proton-bound.
proton dependence of the ⌬F-V (Fig. 4D ). In the absence of external glutamate or K ϩ , the transporter is in states with binding sites exposed to the external solution: states with relatively high fluorescence in our model. The voltage dependence of the fluorescence in the absence of glutamate and K ϩ is due to the voltage dependence of Na ϩ binding and unbinding. The Na ϩbound states had a lower fluorescence value (⌬F ϭ Ϫ1.24) compared with the empty transporter state (⌬F ϭ 2.4), and, hence, the fluorescence decreased at more negative potentials. In the presence of glutamate, the transporter is mainly in states with binding sites exposed to the intracellular solution: states that have even lower fluorescence values (⌬F ϭ Ϫ4).
In the presence of high extracellular K ϩ , the voltage dependence for the ⌬F-V was opposite to that in the presence of extracellular Na ϩ . In high external K ϩ , EAATs have been shown to reverse direction and expel glutamate from the cell, i.e., to reverse glutamate transport (3, 38) . During reverse transport, our model suggests that most transporters are accumulated on the external K ϩ -bound state, partly due to the slow translocation rates between T o K and T i K. We have previously suggested that the transmembrane movement of ions associated with the K ϩbound transporters moves a net negative charge (27, 28) . Therefore, as the membrane potential becomes more positive, the transporters most likely move to states with binding sites exposed to the intracellular solution: states that have a lower fluorescence value (Ϫ4). Therefore, the model can explain the opposite voltage-dependence of the fluorescence in high K ϩ compared with Na ϩ as being due to the opposite charge associated with the K ϩ -translocation steps compared with the Na ϩ -binding steps.
Our fluorescence data provide strong evidence that the transporter undergoes at least three major conformational changes during a transport cycle. In addition to the two conformational changes between the two major access states in which substrates are translocated, the data also suggest that the binding of Na ϩ causes an additional conformational change because the Na ϩbound states have a much lower fluorescence than the empty transporters. We hypothesize that Na ϩ binding is followed by a conformational change that occludes Na ϩ within the protein (29) (Fig. 5 ). Such occlusion events have been observed in Na ϩ -K ϩ ATPases (29, (39) (40) (41) and Ca 2ϩ ATPases (29, 42) , and they have also been suggested as a mechanism for GABA transporter-1 (GAT1) (43, 44) . Also, the crystal structures of H ϩ -ATPase and Ca 2ϩ -ATPase suggest that such occlusion and transport events require the rotational and translational movement of several helices (45, 46) . For simplicity, we combined the binding and occlusion events in our model. In this model, the binding rate of a Na ϩ ion, instead of being diffusion-limited (Ϸ10 8 to 10 9 s Ϫ1 ), had a significantly slower rate (Ϸ10 4 s Ϫ1 ). Such a slow rate was also necessary to simulate the coupled current kinetics in outside-out patches (28) , suggesting that the coupled charge movements are a combination of ion binding and occlusion events.
Although the thermodynamic coupling of protons to glutamate transport is widely accepted (3, 7) , it is controversial whether glutamate is transported through the Na ϩ -hemicycle or the K ϩ -hemicycle. Zerangue and Kavanaugh (3, 36) have suggested that the proton is transported together with the Na ϩ ions, based on the observation that the zwitterion L-cysteine is transported without any internal acidification, contrary to the transport of L-glutamate. Later experiments using rapid gluta- (Fig. 4A) . A positive charge residue (marked by ϩ) is assumed to quench the fluorescent probe attached to 430C. Na ϩ binding induces a conformational change that reduces the distance between the fluorescent probe and this quenching residue. The glutamate translocation step induces an additional conformational change that further reduces the distance between the fluorescent probe and this quenching residue. mate concentration jumps supported this hypothesis (47) . In contrast, Auger and Attwell (9) , studying the Purkinje neuron transporter, proposed that a proton is exchanged with a potassium ion. They based this hypothesis on their finding that changes in proton concentration did not drastically alter the kinetics of the glutamate-activated current. Our data are consistent with the first hypothesis ( Fig. 3) , in which the protons are transported through the Na ϩ -hemicycle (3, 36) . In contrast, our data are not consistent with proton translocation in the K ϩhemicycle, for which changes in pH should not have any effect on the ⌬F-V in the absence of K ϩ and glutamate. However, our model does simulate the data of Auger and Atwell (9) (data not shown and ref. 27 ). We also note that, if protons bind predominantly after glutamate, there would be no shifts in the ⌬F-V in response to changes in the proton concentrations in the absence of glutamate. Therefore, we conclude that, in physiological solutions and before the application of glutamate, the transporters are already in a proton-bound state. This hypothesis is consistent with our earlier model, in which the protons and glutamate bind to EAATs in random order, and the affinity of the transporters for protons is high (27, 28) . Therefore, we conclude that the vast majority of the transporters are in a proton-bound state before the application of glutamate.
The question remains, however, as to why glutamate transport is coupled to the H ϩ gradient. The thermodynamic value of coupling the proton to glutamate uptake is mainly due to the charge of the proton because there is only a relatively small proton gradient. We propose that the protons also have a kinetic effect rather than only a thermodynamic effect. It has been suggested that the transporters initially act as a buffer by rapidly binding glutamate, followed by a slower glutamate translocation (33, 48, 49) . To buffer glutamate efficiently, the transporters must be in a state in which they can quickly bind glutamate. However, before glutamate can bind to the transporters, Na ؉ ions must also bind to the transporters (25, 27, 34) . At low concentrations of protons, a large number of transporters are likely to be found in either T o or T o Na 1 states because the apparent affinity for Na ϩ is only Ϸ100 mM at 0 mV (25, 34) . Our model suggests that the true affinity for Na ϩ is only 250 mM at 0 mV (Fig. 4A ). The binding of protons after Na ؉ ensures that the transporters are in a glutamate-competent state as the proton ''locks'' Na ϩ ions into their binding sites. Hence, during physiological conditions, a majority of the transporters will be in the T o Na 2 H state, ready to bind glutamate.
Such a kinetic effect of the proton has implications during conditions such as ischemia. During ischemia, there is a collapse of ion gradients (50) , and the transporters reverse to reach the new equilibrium dictated by the new ion gradients. It has been documented that the efflux of glutamate from the transporters, as they reach the new equilibrium, has detrimental effects on brain physiology (1, 51, 52) . However, for transient ischemia, the speed at which the transporters reach this new equilibrium value is important. During ischemia, the extracellular and intracellular pH levels decrease to as low as 6.5 (50) . As a result, the transporters are driven toward glutamate-bound states, in which case they act more like glutamate exchangers than glutamate transporters. Simulations of our model during ischemic conditions (low pH and collapsed Na ϩ and K ϩ gradients) show that lowering the pH slows the reverse transport significantly (Fig. 4E) . The net effect is a significant slowing down of the rate at which the transporters reach the new equilibrium and, therefore, a slowing down of the rise of extracellular glutamate concentrations (8) . This hypothesis suggests that the proton plays a neuro-protective role by slowing down the reverse transport of glutamate during ischemia, and thus possibly protecting neurons from excito-toxicity.
